Background: Physical activity has been inversely associated with risk of several cancers. We performed a systematic review and meta-analysis to evaluate the association between physical activity and risk of esophageal cancer (esophageal adenocarcinoma [EAC] and/or esophageal squamous cell carcinoma [ESCC]).
Background
Esophageal cancer is the 6 th most common cancer worldwide, and carries a high mortality after diagnosis following the onset of symptoms [1] . While the incidence of esophageal squamous cell cancer (ESCC) is declining in the United States, the incidence of esophageal adenocarcinoma (EAC) has increased more than 6-fold in the last three decades [2] ; this has been partly attributed to the obesity epidemic. Obesity, in particular central adiposity, has been implicated in a spectrum of reflux-related esophageal diseases including erosive esophagitis, Barrett's esophagus (BE) and EAC [3] . Routine endoscopic surveillance of patients with BE and endoscopic eradication therapy for a subset of patients with high-grade dysplasia are recommended [4] . However, this strategy is expensive and limited by suboptimal adherence and access.
Chemopreventive strategies using aspirin, statins or proton-pump inhibitors require a large number of patients be treated to prevent a single cancer, making it difficult to ascertain risk-benefit ratio and cost-effectiveness [3, 5, 6] .
For non-tobacco users, diet and physical activity are the most important modifiable determinants of cancer risk [7] . Physical activity has been associated with a reduced incidence and mortality from certain cancers, including proximal and distal colorectal cancer [8] , gastric cancer [9] , breast and endometrial cancers [7, 10] . The protective effect of physical activity against cancer is possibly mediated by counteracting the adverse carcinogenic effects of obesity, improving insulin sensitivity and decreasing systemic inflammation leading to favorable immunomodulation [11, 12] . There have been several studies reporting an inverse association between physical activity and risk of esophageal cancer [13, 14] , but results have been inconsistent [15, 16] . Several systematic reviews on physical activity and cancer prevention have not addressed esophageal cancer risk [7, 17] .
To better understand the relationship between physical activity and esophageal cancer risk, in particular, the risk of EAC, we performed a systematic review with meta-analysis of all studies that investigated the association between physical activity and risk of esophageal cancer in adults.
Methods
This systematic review is reported according to the Preferred Reporting Items for Systematic reviews and MetaAnalyses (PRISMA) guidelines [18] . The process followed a priori established protocol (available upon request).
Search strategy and selection criteria
A systematic literature search of PubMed (1966 through February 1, 2013), Embase (1988 through February 1, 2013) and Web of Science (1993 through February 1, 2013) databases was conducted to identify all relevant studies on the relationship between physical activity and risk of esophageal cancer. Studies considered in this meta-analysis were observational studies or randomized controlled trials (RCTs) that met the following inclusion criteria: (1) evaluated and clearly defined physical activity (recreational or occupational), (2) reported risk of esophageal cancer (EAC and/or ESCC) and (3) reported relative risk (RR) or odds ratio (OR) with 95% confidence intervals (CI) of the association between physical activity and esophageal cancer risk, or provided data for their calculation. A combination of key words was used in the search: (exercise OR physical activity OR walking OR motor activity) AND (esophagus) AND (cancer OR neoplasm OR carcinoma). Expansion of the search to combination of physical activity and cancer did not result in identification of any additional articles. Then, per the protocol-defined study inclusion and exclusion criteria, two authors (S.S. and J.E.V.), independently reviewed the title and abstract of studies identified in the search to exclude studies that did not investigate the association between physical activity and the risk of esophageal cancer. The full text of the remaining articles was examined to determine whether it contained relevant information. Next, the bibliographies of the selected articles, as well as review articles on the topics were manually searched for additional articles. We also searched conference proceedings of major gastroenterology (Digestive Diseases Week, United European Gastroenterology Week, American College of Gastroenterology annual meeting) and oncology conferences (American Society of Clinical Oncology annual meeting and Gastrointestinal Research Forum; European Society of Medical Oncology annual meeting and World Congress on Gastrointestinal Cancer) from 2005-2012 for studies that had been published only in the abstract form. Inclusion was not otherwise restricted by study size, language or publication type. Studies that examined only the association between physical activity and cancer-related mortality were excluded. When there were multiple publications from the same population, only data from the most comprehensive report were included. The flow diagram summarizing study identification and selection is shown in Figure 1 .
Data abstraction
After study identification, data on study and patient characteristics, exposure and outcome assessment, potential confounding variables and estimates of association were independently abstracted onto a standardized form by two authors (S.S. and S.D.). The following data were collected from each study: (a) study and patient characteristics: primary author, time period of study/year of publication, country of the population studied, age, sex, body mass index; (b) physical activity measurement: physical activity domain assessed (recreational and/or occupational) and instrument used for measurement (whether valid and reliable); (c) esophageal cancer ascertainment: histology-specific relationship (EAC and ESCC), method of outcome ascertainment (self-report, cancer registry with or without independent validation); (d) potential confounding variables accounted for: age, sex, obesity, race/ethnicity, cigarette smoking, alcohol intake, family history of esophageal cancer, other medication use (aspirin/non-steroidal anti-inflammatory drugs [NSAIDs], statins, proton-pump inhibitors) and (e) estimates of association between physical activity and esophageal cancer risk: adjusted RR or OR and 95% confidence interval (CI).
If a study combined the two physical activity domains (recreational and occupational) into a single measure, then the effect estimate for the combined measure result was used for the primary meta-analysis. If a study reported the effect estimates for two or more domains of physical activity separately, then we pooled the results into a single measure using fixed effects model of metaanalysis. If a study reported the effect of physical activity at multiple periods or ages and over the lifetime, we used the lifetime result. For all studies, we used the result that compared the most active group with the least active group (reference group). For studies in which the most active group was used as the reference group, we inverted the effect size and 95% CI. To estimate the dose-response relationship, using the least active group as reference, we measured the association between the middle tertile/quartile and reference as well as the association between the highest tertile/quartile and reference, and analyzed whether the difference between these estimates was significantly different. Conflicts in data abstraction were resolved by consensus, referring back to the original article.
Quality assessment
The risk of bias in included studies was assessed by two authors independently (S.S. and J.E.V.), using the methodology suggested by Boyle et al. [8] . Briefly, we used a three-item checklist to identify whether studies were at low or high risk of bias, based on: (a) study design -low risk of bias if studies were cohort or population-based case-control studies, and high risk of bias if hospitalbased case-control or exclusively cancer registry-based; (b) instrument used to measure physical activity -low risk of bias if instrument was reliable as shown in index study or related study, and high risk of bias if not reported; (c) key variables adjusted or accounted for: age, sex and obesity. If a study adjusted, matched or accounted for the potential confounding effect of age, sex and obesity in their analysis, then those studies were considered to be at low risk of bias, otherwise they were considered to be at high risk of bias. Overall, if a study was deemed to be at low-risk of bias across all these domains, then it was considered a high-quality study; if the study was at highrisk of bias across one or more of the three domains, then it was considered low-quality study [8] . The overall agreement between the two reviewers for the final determination of each study was excellent (Cohen's κ = 0.86), and disagreements were resolved by consensus.
Outcomes assessed Primary outcome
The primary analysis focused on assessing the association between physical activity and the risk of (a) overall esophageal cancer, as well as by (b) histological subtypes -EAC and ESCC.
Subgroup analysis
A priori hypotheses to examine robustness of association and explain potential heterogeneity in the direction and magnitude of effect among different observational studies included location of study (Western population v. Asian population), study design (case-control v. cohort) and study quality (high v. low). In addition, we measured the impact of recreational and occupational activity domains separately, since the former is the modifiable aspect of energy expenditure.
Statistical analysis
We used the random-effects model described by DerSimonian and Laird to calculate pooled OR and 95% CI [19] . Since outcomes were relatively rare, OR were considered approximations of RR. Adjusted OR reported in studies was used for analysis to account for confounding variables. We assessed heterogeneity between studyspecific estimates using the inconsistency index [20] . To estimate what proportion of total variation across studies was due to heterogeneity rather than chance, I 2 statistic Figure 1 Flow diagram summarizing study identification and selection.
was calculated. In this, a value of <30%, 30%-60%, 61%-75% and >75% were suggestive of low, moderate, substantial and considerable heterogeneity, respectively [21] . Once heterogeneity was noted, between-study sources of heterogeneity were investigated using subgroup analyses by stratifying original estimates according to study characteristics (as described above). In this analysis also, a p-value for differences between subgroups of <0.10 was considered statistically significant (i.e., a value of p < 0.10 suggested that stratifying based on that particular study characteristic partly explained the heterogeneity observed in the analysis). Given the small number of studies identified in our analysis, statistical tests for assessing publications bias were not performed [22] . All p-values were two tailed. For all tests (except for heterogeneity), p < 0.05 was considered statistically significant. All calculations and graphs were performed using Comprehensive Meta-Analysis (CMA) version 2 (Biostat, Englewood, NJ).
Results

Study flow
From 422 unique studies identified using the search strategy, 9 studies met the inclusion criteria [13] [14] [15] [16] [23] [24] [25] [26] [27] . These studies reported on the association between physical activity and 1,871 cases of esophageal cancer among 1,381,844 patients. During the peer review process, with an updated search till May 1, 2014, an additional hospital case-control study from India was identified with 704 cases of ESCC [28] . No relevant RCTs were identified. The coefficient of agreement between the two reviewers for study selection was excellent (Cohen's κ = 0.82). Six studies on dietary or socioeconomic risk factors for cancer mentioned assessing physical activity as a covariate but did not specifically measure or report association between physical activity and esophageal cancer per se [29] [30] [31] [32] [33] [34] ; four of these studies were published more than 15 years ago and hence, data was not accessible; additional data could not be obtained from contacting authors of two recent studies and hence, these were excluded. Two studies did not have an appropriate control group [35, 36] . In a Dutch cohort, de Jonge and colleagues compared the mean physical activity levels in patients with EAC, ESCC and gastric cardia adenocarcinoma, but there was no referent population to allow calculation of a risk estimate [35] . The same group compared differences in physical activity levels in patients with BE with and without EAC and did not observe any significant differences, but an estimate of EAC risk among the most physically active to the least physically active was not possible [36] . One study reported the association between physical activity and mortality from esophageal cancer, and was excluded [37] .
Characteristics and quality of included studies Baseline characteristics
The characteristics of these studies are shown in Table 1 . The earliest cohort study recruited patients starting in 1978 and latest completed recruitment in 2007, with mean reported follow-up ranging from 6 to 18.8 years.
Seven studies were performed in the Western population (5 in North America, 2 in Europe) [13] [14] [15] [16] 23, 25, 26] and two studies were performed in Asian population [24, 27] . Four studies were performed exclusively in men [13, [23] [24] [25] . In three studies, recreational (with or without household) physical activity was the only measured domain [16, 23, 24] ; in three studies, only occupational physical activity was inferred based on the job-title [14, 26, 27] . Physical activity was assessed using selfadministered questionnaire in most of the studies, and was based on a combination of intensity, duration and frequency of recreational physical activity. Of the nine studies, three reported exclusively on risk of EAC [14, 15, 26] , and one reported exclusively on the risk of ESCC [27] ; four studies reported on risk of esophageal cancer with no separate information on risk by histological-subtype [13, [23] [24] [25] .
Quality assessment
Four observational studies (all cohort studies) were at low-risk of bias based on study design, exposure ascertainment and adjusting for key confounding variables, and were deemed to be of high quality (Table 2 ) [15, 16, 23, 24] . The included studies variably accounted for other potential confounders: smoking (8/9), obesity (7/9), alcohol use (5/9) and family history of esophageal cancer (3/9); none of the studies adjusted for gastroesophageal reflux symptoms. Socioeconomic status, which appears to have inverse association with physical activity was accounted for in 5/9 studies. For outcome ascertainment, most studies relied on record linkage through the cancer registry (with or without review of death certificates and pathology databases), or review of medical records. In all these studies, a temporal relation between exposure and outcomes was established -physical activity preceded esophageal cancer by at least 1 year, and usually longer periods.
Physical activity and risk of esophageal cancer Overall risk of esophageal cancer
Of the nine studies identified, four reported a statistically significant inverse association between overall physical activity and esophageal cancer risk [13, 14, 26, 27] . On meta-analysis, risk of esophageal cancer was 29% lower among the most physically active people as compared with the least physically active people (OR, 0.71; 95% CI, 0.57-0.89) (Figure 2 ). There was moderate heterogeneity observed across studies (I 2 = 47%). 
Risk of esophageal adenocarcinoma
Of the four studies identified [14] [15] [16] 26] , two reported a statistically significant inverse association between physical activity and EAC risk [14, 26] . On metaanalysis, risk of EAC was 32% lower among the most physically active people as compared with the least physically active people (OR, 0.68; 95% CI, 0.55-0.85) (Figure 3 ). There was minimal heterogeneity observed across studies (I 2 = 0%).
Risk of esophageal squamous cell carcinoma
Only two studies reported the association between physical activity and risk of ESCC [16, 27] . One of them, performed in Iran, observed a strong inverse association [27] , whereas the other, performed in the United States, reported a null association [16] . During the peer review process, another low quality, case-control study published after data of search was identified. This study performed in India reported a 5-fold higher risk of Briefly, we used a three-item checklist to identify whether studies were at low or high risk of bias, based on: (a) study design -low risk of bias if cohort or population-based case-control studies, and high risk of bias if hospital-based case-control or exclusively cancer registry-based; (b) instrument used to measure physical activity -low risk of bias if instrument valid and reliable as shown in index study or related study, and high risk of bias if not reported; (c) key variables adjusted or accounted for: if a study adjusted, matched or accounted for the potential confounding effect of age, sex and obesity in their analysis, then those studies were considered to be at low risk of bias, otherwise they were considered to be at high risk of bias. Overall, if a study was deemed to be at low-risk of bias across all these domains, then it was considered a high-quality study, otherwise it was considered a low-quality study. ESCC in patients with the highest level of occupational physical activity. On meta-analysis, there was no association between physical activity and risk of ESCC (OR, 1.10; 95% CI, 0.21-5.64), albeit with considerable heterogeneity (I 2 = 95%).
Subgroup and sensitivity analyses Subgroup analysis
On sub-group analysis, the association between physical activity and risk of esophageal cancer was stable across case-control and cohort studies, and across Western and Asian population (Table 3) . On analysis by domain of physical activity, recreational physical activity, the potentially modifiable component of physical activity, was associated with a decreased risk of esophageal cancer (OR, 0.79; 95% CI, 0.67-0.93; I 2 = 0%).
Dose-response relationship
A non-significant trend towards an inverse dose response relationship between physical activity and esophageal cancer risk was observed. Using the least active group as reference, people in the middle tertile or 2 nd quartile of physical activity had a non-statistically significant 12% lower risk of esophageal cancer (5 studies; OR, 0.88; 95% CI, 0.70-1.10; I 2 = 19%) [14] [15] [16] 23, 25] . In comparison, the most physically active people (highest tertile of physical activity or 4 th quartile) had a 24% lower risk of esophageal cancer (5 studies; OR, 0.76; 95% CI, 0.60-0.97; I 2 = 0%).
High-quality studies
On restricting analysis to the four high-quality studies [15, 16, 23, 24] , we observed that physical activity is associated with a 16% lower risk of esophageal cancer, though this association did not reach pre-specified statistical significance (OR, 0.84; 95% CI, 0.71-1.00; p = 0.05). The results were consistent across studies (I 2 = 0%).
Sensitivity analysis
To assess whether any one study had a dominant effect on the summary OR, each study was excluded and its effect on the main summary estimate was evaluated. While no study significantly affected the summary estimate, exclusion of the study by Etemadi and colleagues on the association between physical activity and risk of ESCC resulted in resolution of the previously observed marked heterogeneity in the analysis. The favorable and strong effect sizes observed in this single study were causing heterogeneity in the strength, but not the direction, of overall association. On analysis after excluding this study, the summary estimate remained significant (OR, 0.76; 95% CI, 0.64-0.89) and minimal heterogeneity was observed in the analysis (I 2 = 15%). Given the small number of studies identified in our analysis, statistical tests for assessing publications bias were not performed.
Discussion
Based on the evidence derived from this systematic review and meta-analysis of published studies, increasing physical activity is associated with a 29% lower risk of esophageal cancer, after adjustment for important confounders including age, obesity and other risk factors for esophageal cancer. After exclusion of one study, which was responsible for heterogeneity, a 24% reduction in risk of esophageal cancer with increasing physical activity was a more conservative and consistent estimate. Specifically, the risk reduction was primarily seen in risk of EAC (32% lower risk amongst the most physically active people than the least active people), which has been strongly associated with obesity-associated chronic inflammation. We did not observe a significant association between physical activity and risk of ESCC, though the number of studies was small (3 studies). The analysis was considerably limited due to the conflicting observations from two of the included studies, with one showing a strong inverse association (OR, 0.16) and another showing a strong direct association (higher risk of ESCC with increasing occupational physical activity) (OR, 5.65). The results were stable across cohort and case-control studies in both Asian and Western population. Importantly, recreational physical activity, the potentially modifiable component of energy expenditure, was independently associated with reduced risk of esophageal cancer, with a trend towards a dose-response relationship.
With the high incidence and poor prognosis associated with esophageal cancer, cost-effective strategies aimed at preventing esophageal cancer are highly desirable. While chemopreventive strategies are attractive, currently, their cost-effectiveness and risk-benefit ratio is difficult to ascertain. This EAC risk modification observed with physical activity is comparable to the 30-40% risk reduction seen with aspirin/NSAID and statin use [3, 5] . Moreover, this point estimate for EAC risk reduction with physical activity is comparable to the more established 21%, 24% and 27% reduction in risk for gastric [9] , colorectal [38] and endometrial cancer [10] , respectively. Previous systematic reviews have summarized evidence from epidemiological studies on the association between physical activity and gastrointestinal cancer prevention and mortality [26, 39] . However, in those reviews, only a single electronic database was searched resulting in some missed studies; there was no quality appraisal of current literature on this topic. A quantitative synthesis of the literature to calculate a summary estimate was not performed for the overall association or for sub-groups. In its 2007 report on the role of food, nutrition and physical activity, the World Cancer Research Fund and American Institute of Cancer Research did not make any statement on the role of physical activity in decreasing esophageal cancer risk [7] .
Physical activity can modify the risk of cancer through several proposed mechanisms. Metabolic syndrome and insulin resistance have been associated with increased risk of cancer, particular EAC [40] [41] [42] [43] . This is mediated by adipokines and cytokines released by metabolically active visceral fat, which result in chronic hyperinsulinemia and increase risk of insulin-like growth factor-mediated carcinogenesis [44] . Exercise decreases visceral fat, lowering the level of carcinogenic adipocytokines, improves insulin sensitivity and reduces fasting insulin and Cpeptide levels, and may decrease insulin-like growth factor-1 [12] . Physical activity has been shown to decrease chronic inflammation in intervention trials decreasing interleukin-6 and tumor necrosis factor-α, independent of weight loss [12] . Additionally, exercise has been shown to have immunomodulatory effects, improving innate and acquired immune response, promoting tumor surveillance [12, 45] . Studies have also shown that aerobic exercise can decrease oxidative stress and enhance DNA repair mechanisms, decreasing carcinogenesis [45] . Physically active individuals also have higher sunlight exposure and consequently, increased vitamin D levels, which may modify cell proliferation cascades [46] .
Strengths and limitations
The strengths of this analysis include (a) comprehensive assessment of the association between physical activity and overall and histological-subtype specific risk of esophageal cancer; (b) analyses accounting for the effect of potential confounders particularly age, obesity and other risk factors for esophageal cancer such as smoking and alcohol use, in summarizing risk estimates by using the maximally adjusted point estimates from each study; (c) incorporating the effect of both recreational and occupational physical activity, independently on esophageal cancer risk; (d) assessment of a dose-response relationship; (e) sensitivity analyses based on study quality and (f ) inclusion of all available studies and not restricting analysis based on study design, publication type or language, and hence, being at low risk for selection or publication bias.
There are several limitations in our study. First, the meta-analysis included only observational studies. No randomized controlled trials have been performed to explore this association. Despite adjusting for numerous covariates, it is not possible to eliminate the potential of residual confounding. It is possible that the observed decreased risk of esophageal cancer seen in more physically active people may relate to a 'healthy user' bias [47] . Physically active people may be more compliant with preventive health measures, as compared to patients who are not physically active. Physically inactive, and potentially poorly compliant, patients may have other unhealthy lifestyle practices predisposing them to esophageal cancer. While most of the studies accounted for some such lifestyle factors such as obesity, smoking and alcohol use, socioeconomic status was not consistently accounted for. Socioeconomic status interacts with both exposure (level of physical activity) and outcome (risk of esophageal cancer), and may have contributed to unmeasured confounding. Additionally, none of the studies adjusted for the presence of reflux symptoms or erosive esophagitis. Moderate, but not intense, physical activity has been associated with decrease in reflux symptoms in obese subjects, but not in non-obese subjects [48, 49] . Hence, what is perceived as a physical activity-mediated effect may indeed represent a sum of events and interactions, which modify esophageal cancer risk in these physically active people. That said, an independent protective association was also observed on restricting analysis to high quality studies. Second, we could not assess for publication bias due to the small number of studies on this topic. Six studies on dietary or socioeconomic risk factors for cancer measured physical activity as a covariate, but did not measure the association between physical activity and esophageal cancer; one study measured the association but did not provide sufficient data on effect size, suggesting the presence of reporting and probable publication bias [31] . Third, moderate heterogeneity was observed in the overall analysis, which was primarily attributable to a single study, which showed a strong inverse association between physical activity and risk of ESCC [27] . Fourth, no credible inference can be drawn on the association between physical activity and risk of ESCC, due to the small number of low quality studies with markedly conflicting results. The timing, intensity and domain of physical activity may influence its association with health outcomes, but a detailed assessment of all these factors was not reported in individual studies. Another potential limitation that particularly applies to case-control studies evaluating cancer risk is recall bias, especially since most of these studies used a selfadministered questionnaire to measure physical activity. However, on sub-group analysis, pooled analysis of prospective cohort studies reported a similar association between physical activity and esophageal cancer risk, and there was no significant difference in risk estimates between case-control and cohort studies.
Conclusions
Based on this systematic review and meta-analysis of all observational studies, we observed that the risk of esophageal cancer, in particular EAC, may be lower among the most physically active people as compared with the least physically active people. Hence, EAC risk reduction may be an additional benefit to a myriad of health benefits with being physically active, which include cardiovascular, metabolic and psychological wellbeing. Currently, it is unclear what is the ideal type, intensity, frequency and time period of physical activity that may modify cancer risk. An ongoing, 24-week randomized controlled trial of moderateintensity aerobic and resistance training in overweight males with BE to estimate its effect on risk of progression to EAC may help shed more light on this topic [50] . For now, in the absence of interventional studies of physical activity on cancer risk, the American Cancer Society recommends "adopting a physically active lifestyle" and suggests that "adults engage in at least 150 minutes of moderate intensity or 75 minutes of vigorous intensity activity each week, or an equivalent combination, preferably spread throughout the week" [51] .
Abbreviations BE: Barrett's esophagus; CI: Confidence intervals; EAC: Esophageal adenocarcinoma; ESCC: Esophageal squamous cell cancer; OR: Odds ratio.
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